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I N T R O D U C T I O N
During action potentials, the associated influx of Ca 2ϩ ions through either high-voltage-activated (HVA) or low-voltageactivated (LVA) Ca 2ϩ channels can have a variety of consequences, including the activation of different K ϩ conductances that contribute to membrane afterhyperpolarizations (AHPs). AHPs provide neurons with an important intrinsic means of controlling their excitability and discharge patterns over variable periods of time. AHPs are typically subdivided into three phases, fast (fAHP), medium (mAHP), and slow (sAHP), with different Ca 2ϩ -activated K ϩ channels contributing to each phase (reviewed in Faber and Sah 2003; Vogalis et al. 2003) .
The fAHP immediately following spike repolarization involves activation of large conductance BK-type Ca 2ϩ -activated K ϩ channels that can be selectively blocked by charybdotoxin, iberiotoxin, and paxillin. The fAHP is followed by membrane hyperpolarization that is separable into two distinct components based on their kinetic and pharmacological properties. The mAHP, typically a few hundreds of milliseconds in duration, can be mediated by small conductance SK-type Ca 2ϩ -activated K ϩ channels that are voltage insensitive and selectively blocked by the bee venom apamin, also by voltage-gated KCNQ channels and on some occasions by I h channels (Gu et al. 2005; Pedarzani and Stocker 2008; Peters et al. 2005) . The sAHP, most common following a train of action potentials that activates HVA Ca 2ϩ channels, has a time to peak in the hundreds of milliseconds and a decay time to baseline over several seconds. The sAHP current, designated sI AHP , is voltage and apamin insensitive and can be modulated (suppressed) by a variety of neurotransmitters (Nicoll 1988) . The sAHP limits firing frequency, underlies the late phase of spike frequency adaptation, and is a major factor in controlling neuronal excitability (Madison and Nicoll 1984) . Although sAHPs are widely observed within the CNS, they remain a topic of extensive investigation because the molecular identity of the underlying channel(s) remains undefined.
While the thalamus is critically important in information transfer to and from the cortex, sAHPs are less commonly reported in this area of the CNS. In the guinea pig brain, sAHPs have been noted to follow trains of action potentials in lateral geniculate thalamocortical neurons and midline thalamic parataenial nucleus neurons (McCormick and Prince 1988) . In the rat brain, sAHPs following a burst of action potentials have also been noted in neurons sampled in several thalamic midline and intralaminar nuclei (Goaillard and Vincent 2002) . A tetrodotoxin-and apamin-resistant sAHP triggered by LVA Ca 2ϩ channels was noted in a subpopulation of ventral medial geniculate nucleus neurons (Hu and Mooney 2005) . We recently reported that LVA Ca 2ϩ channels underlie a low-threshold spike (LTS)-induced sAHP in several midline thalamic nuclei (Zhang et al. 2009 ). With an apparent prevalence for sAHP sightings in midline and intralaminar thalamus, there is the possibility that neurons in this region of thalamus possess unique types of K ϩ channels and/or modes of activation that generate sAHPs, whether LTS-induced or postburstinduced. Indeed the sAHP may be an important intrinsic mechanism governing rhythmic activities within this region of thalamus and a target for neurotransmitter and neuropeptide receptors.
The midline and intralaminar thalamic region is deemed important for arousal, awareness, and motivated behaviors (Sewards and Sewards 2003; Van der Werf et al. 2002) . The midline thalamic paraventricular nucleus (PVT) in particular has attracted attention as a converging site for inputs from lateral hypothalamic neurons that synthesize the arousal/feeding-related orexin peptides (Kolaj et al. 2007; Peyron et al. 1998) , from neurons in the suprachiasmatic nucleus, the main circadian pacemaker in the mammalian brain (Buijs et al. 1978; Peng and Bentivoglio 2004) and from various brain stem neurons known to convey information related to waking, stress and visceroception (Hsu and Price 2009; Van der Werf et al. 2002) . PVT is also unique by virtue of its reciprocal connectivity with the suprachiasmatic nucleus, and with the mood, reward and motivation-related circuitry of the accumbens, amygdala and medial prefrontal cortex (Hsu and Price 2007; Moga et al. 1995; Peng and Bentivoglio 2004) . PVT neurons express a modest to high density of receptors for various transmitters and peptides (including the orexins/hypocretins) present in afferent pathways. One target of their ␤-adrenoceptors, serotonin 5-HT 7 receptors, and orexin receptors is a LTS-induced sAHP expressed in PVT and certain midline thalamic neurons (Zhang et al. 2009 ). We now report that PVT neurons display a postburst sAHP that has activity-dependent properties suggesting roles for both calcium-dependent (K Ca ) and sodium-dependent (K Na ) K ϩ channels. The sAHP components mediated by these K Ca and K Na channels display differential sensitivity to activation of cAMP and protein kinase C (PKC) signaling pathways and are targets for orexin receptorinduced increases in neuronal excitability in PVT neurons.
M E T H O D S
Experimental protocols conformed to the Canadian Council for Animal Care guidelines and were approved by the Ottawa Hospital Research Institute Animal Care and Use Committee. Care was taken to minimize the number of animals used and their suffering. For electrophysiology, we used 21-35 day old Wistar rats that were housed in pairs in a temperature-controlled environment under 12-h light/dark conditions. Animals were killed by guillotine at 4 -6 h after lights on, the brain was quickly removed, immersed in oxygenated (95% O 2 -5% CO 2 ) and cooled (Ͻ4°C) in artificial cerebrospinal fluid (ACSF) of the following composition (in mM): 127 NaCl, 3.1 KCl, 1.3 MgCl 2 , 2.4 CaCl 2 , 26 NaHCO 3 , 10 glucose (osmolality 300 -310 mosM; pH 7.3). Brain slices 350 -400 m in thickness were cut in the coronal plane with a Vibratome 3000 Plus Sectioning System (Vibratome, St Louis, MO), incubated in gassed ACSF for Ͼ1 h at room temperature, then transferred to a submerged recording chamber and superfused (2-4 ml/min) with oxygenated ACSF at 34 -35°C during cell attached experiments and at room temperature (23-25°C) during whole cell patch-clamp experiments. Using the blind patch-clamp technique, recordings were obtained from PVT neurons with an Axopatch 1D amplifier (MDS Analytical Technologies, Sunnyvale, CA) using borosilicate thin-walled micropipettes (resistances of 3-7 M⍀) filled with (in mM) 140 K ϩ MeSO 4 , 8 NaCl, 2 MgCl 2 , 10 HEPES, 0.1 bis-(o-aminophenoxy)-N,N,N',N'-tetraacetic acid (BAPTA), 2 Mg-ATP, 0.4 Na-GTP (pH 7.3; osmolality ϳ290 mosM). Lucifer yellow (2 mM) or neurobiotin (2%) was included in the pipette solution to facilitate identification of cell location and morphology. Access resistance Ͻ15 M⍀ was considered acceptable. Data were filtered at 2 kHz, continuously monitored, and stored on disk. Clampex software (pClamp 9; MDS) and digidata 1200B interface were used to generate current and voltage commands, and to store data. Off-line analyses were performed using Clampfit version 9 (MDS). Initial input resistance was determined from the linear slope (between Ϫ65 and Ϫ85 mV) of the current-voltage (I-V; V hold ϭ Ϫ65 mV; 600 ms pulse duration) relationship collected at the beginning of each recording. The amplitude of the summed sAHP was measured relative to the baseline membrane potential level (set to approximately Ϫ65 mV) preceding the first pulse. The occasional drift in resting membrane potential was manually adjusted to control (before treatment) values to achieve the same level for sAHP activation. Data were normalized to control responses before application of modulators and presented as means Ϯ SE. Membrane voltages were corrected for liquid junction potential (Ϫ15 mV). Statistical comparisons between control and experimental values (P Ͻ 0.05 and better, *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001) were determined using the appropriate tests (SigmaPlot 10; SigmaStat 3).
Drugs and reagents were purchased from Sigma Chemical (St. Louis, MO), the exception being tetrodotoxin (TTX), obtained from Alomone Labs (Jerusalem, Israel). The majority of test substances were prepared on the day of experiment by diluting stock solutions stored at appropriate concentrations into ACSF or the internal solution. Slices were incubated for Ͼ2 h with ACSF containing the protein kinase C inhibitor bisindolylmaleimide II (BIS) before transfer to the recording chamber. Nominally calcium-free solution contained equimolar replacement with magnesium and 1 mM EGTA.
R E S U L T S
Initially we recorded from a sample of neurons located in three areas of thalamus so as to compare AHP profiles following current-induced bursts of action potentials. As illustrated by the examples in Fig. 1 , the profiles of the AHP following a 300 ms depolarizing current pulse that triggered a burst of action potentials were markedly different between the chosen regions of thalamus. Neurons recorded in PVT [resting membrane potential (RMP), Ϫ66.5 Ϯ 2.1 mV; input resistance, 950 Ϯ 162 M⍀; n ϭ 13] displayed a prominent postburst slow AHP with a mean amplitude of Ϫ11.3 Ϯ 1.0 mV and a duration that could exceed 6 s (Fig. 1, A and D) . By contrast, the postburst AHP observed in neurons sampled from the ventrobasal (RMP, Ϫ83.3 Ϯ 1.7 mV; input resistance, 197 Ϯ 30 M⍀; n ϭ 9) and reticular nuclei (RMP, Ϫ85 Ϯ 3.3 mV; input resistance, 329 Ϯ 53 M⍀; n ϭ 4) were significantly smaller in amplitude and shorter in duration (Fig. 1, B-D) . Bath application of apamin (1 M) completely abolished the relatively shallow and shortduration postburst AHPs in neurons recorded in the ventrobasal (Ϫ1.7 Ϯ 0.3 vs. 0 mV; n ϭ 3) and reticular nuclei (Ϫ9.2 Ϯ 1.4 vs. 0 mV; n ϭ 3; not shown). However, in PVT neurons, apamin had no significant influence on the sAHP amplitude (control, Ϫ10.0 Ϯ 1.5 vs. apamin, Ϫ9.8 Ϯ 1.6 mV) or its duration (control, 9.4 Ϯ 1.8 vs. apamin, 9.6 Ϯ 2.0 s; n ϭ 5; P Ͼ 0.05). To assess the activity dependence of sAHPs in PVT neurons, we applied protocols that evoked action potentials at physiological frequencies observed in these slice preparations. When action potentials were evoked at 13.3 Hz, a sAHP became evident after 4 spikes, increasing in magnitude as the number of spikes increased, reaching an amplitude of Ϫ10.2 Ϯ 0.6 mV and a duration of 13.5 Ϯ 1.8 s after 20 spikes ( Fig. 2A, black  traces) . Progressive increases in sAHP amplitude and duration also followed trains of 20 action potentials evoked at frequen-cies of 4. 4, 8.8, and 13.3 Hz, respectively (Fig. 2B ). sAHPs were completely abolished after TTX-induced blockade of voltage-dependent Na ϩ channels, thereby preventing Ca 2ϩ influx through HVA Ca 2ϩ channels ( Fig. 2A , red trace and symbol; n ϭ 3) and indicating an essential role of Ca 2ϩ ions in triggering the conductance underlying these sAHPs.
The nature of the conductance underlying the sAHP was further evaluated in voltage-clamp mode (V H Ϫ65 mV). In ACSF containing TTX (1 M), a 100 ms depolarizing pulse to ϩ5 mV triggered an outward tail current (sI AHP ) that displayed an initial run-up in peak amplitude from 43.0 Ϯ 8.0 pA immediately after membrane rupture (0 min) to 101.7 Ϯ 19.8 pA after ϳ5 min, thereafter remaining relatively stable for Ն20 min ( Fig. 3A ; n ϭ 5). This sI AHP amplitude run-up resembles that noted in recordings from hippocampal CA1 neurons (cf. Zhang et al. 1995) where this feature was attributed to an undefined interaction between the pipette solution and the cytoplasm. The following assessments were obtained after the sI AHP had achieved a stable amplitude at which point the decay time constant was 2,935 Ϯ 148 ms (n ϭ 47). On switching to ACSF containing nominally zero Ca 2ϩ ( Fig. 3B ; n ϭ 4) or after blocking Ca 2ϩ entry with cadmium (Cd 2ϩ ; 200 M; Fig.  3C ; n ϭ 4), the sI AHP amplitude was reversibly reduced by 97 Ϯ 2 and 95 Ϯ 2% from control, respectively, a further confirmation that the sI AHP depended on influx of extracellular Ca 2ϩ ions through HVA Ca 2ϩ channels. To evaluate the relative contribution of the HVA Ca 2ϩ channel subtypes to the sI AHP , we measured its amplitude in the presence of selective HVA Ca 2ϩ channel blockers (cf. Williams et al. 1997) . Data from five PVT neurons revealed a contribution from each subtype: N channel contribution of 29 Ϯ 4% based on reduction after addition of 400 nM -conotoxin GVIA, P/Q channel contribution of 33 Ϯ 10% based on a further reduction after addition of 100 nM -agatoxin IVA, L channel contribution of 14 Ϯ 5% based on further reduction after addition of 3 M nifedipine, and R channel contribution of 24 Ϯ 5% based on the residual component of the cadmiumsensitive sI AHP (Fig. 3, D and E) .
K Ca -type conductance underlies the sI AHP
The ionic identity of the sI AHP was assessed based on its reversal potential. A sI AHP was induced with a 500 ms depolarizing current injection from Ϫ65 to ϩ5 mV. With the membrane held at various potentials, plots of the peak outward currents versus holding potentials revealed a reversal at Ϫ99.6 mV ( Fig. 4A ; n ϭ 5), a value that approximated the calculated K ϩ ion equilibrium potential (E Kϩ ) of Ϫ98 mV for this preparation. These observations imply that a K Ca type channel(s) mediates the sI AHP conductance in PVT neurons. Further progress in defining the molecular identity of channels underlying sAHPs is hampered by the availability of specific blockers. Interestingly, UCL-2077, a compound recently been reported to be a potent sAHP blocker in hippocampal neurons (Shah et al. 2006 ) significantly reduced sI AHP in PVT neurons (Fig. 4, B and C) . By contrast, we previously reported that UCL-2077 was without effect on the LTS-induced sAHP (Zhang et al. 2009 ). As summarized in the histograms in Fig.  4C , significant reductions in the sI AHP were also achieved on addition of the nonselective K ϩ channel blocker barium (Ba 2ϩ ; 2 mM; Fig. 4B ) or tetraethyl-ammonium chloride (TEA, 10 mM) but not the selective Ca 2ϩ -activated K ϩ channels blockers apamin (1 M), charybdotoxin (CHT; 200 nM), or iberiotoxin (IBT; 100 nM). Of note, in four PVT neurons the sI AHP was preceded by a faster apamin-sensitive mI AHP (control, 214.3 Ϯ 30 vs. apamin 1 M, 90.3 Ϯ 14.5 pA; P Ͻ 0.05; not shown), indicating some heterogeneity in AHPs among subpopulations of PVT neurons.
cAMP and PKC signaling pathways both contribute to sI AHP modulation
The HVA sI AHP observed in hippocampal pyramidal neurons can be suppressed by activation of neurotransmitter receptors that engage the cyclic AMP second messenger-signaling pathway (Haas and Konnerth 1983; Madison and Nicoll 1984; Pedarzani and Storm 1993) . Recently, Goaillard and Vincent (2002) reported that a HVA sI AHP observed in thalamic midline (centromedian, paracentral) and intralaminar , and reticular nucleus (nRT) to a 300 ms long depolarizing current pulse (to 60 pA for PVT; to 120 pA for VB, and 100 pA for nRT). Right: the corresponding Lucifer yellow filled neurons; calibration bar 50 m. Contrast the prominent postburst slow AHP in PVT with the short and shallow AHPs in the VB and nRT neurons. Insets: expansions of the 1st 1,000 ms of responses. D: summary histograms from 9 PVT, 9 VB, and 4 nRT neurons display the significant increase in amplitude and duration of the slow AHP in PVT vs. VB and nRT neurons (***, ANOVA test; P Ͻ 0.001).
(intermediodorsal) nuclei was suppressed by 5-HT 7 receptorinduced activation of the cAMP signaling cascade. The sI AHP described here in PVT neurons also displayed sensitivity to activation of the cAMP second messenger-signaling pathways. Bath application of forskolin (10 M), a potent adenyl cyclase activator significantly reduced the sI AHP amplitude (Fig. 5 , A and C; 19 Ϯ 3% of control, n ϭ 4; P Ͻ 0.001). The effects of forskolin on sI AHP were significantly blunted (to 93 Ϯ 4% of control, n ϭ 3; P Ͼ 0.05) when tested during recordings with pipette solutions containing a Rp-cAMPS (0.5 mM), a cAMP analogue competing with cAMP binding and acting as a PKA inhibitor (Fig. 5C ). Effects similar to forskolin were observed within 10 min of addition of Sp-cAMPS (200 M), a membrane permeable cAMP analogue that activates PKA (reduced to 9 Ϯ 4% of control; n ϭ 6; not shown). Similar to the observations reported by Goaillard and Vincent (2002) , we also noted reduction of the sI AHP after bath application of a specific 5-HT 7 receptor agonist, 5-CT (to 19 Ϯ 3% of control; Red trace, the loss of the sAHP after 20 pulses that failed to evoke Na ϩ -dependent APs after 5 min preincubation in 1 M TTX (red trace). Resting membrane potential (RMP) was set at Ϫ65 mV for all responses. Right: pooled data in control artificial cerebrospinal fluid (ACSF) from 5 neurons display the sAHP amplitude dependence on the number of APs in the train. Red dot, the failure of a sAHP in the presence of TTX (n ϭ 3). B: current-clamp traces from another PVT neuron (RMP ϭ Ϫ65 mV) display a progressive increase in sAHP amplitude as the frequency increases within a fixed train of 20 APs. Right: pooled data from 4 neurons illustrate the sAHP amplitude dependence on action potential frequency. . D, left: normalized percentage plot of the peak sI AHP vs. time during cumulative applications of 400 nM -conotoxin GVIA (Cono-GVIA), 100 nM -Agatoxin IVA (Aga-IVA), 3 M nifedipine, and 200 M cadmium. The peak amplitude of the sI AHP was normalized against control response (black trace shown on the right) recorded Ն5 min after establishing the whole cell configuration. Right: sample sI AHP traces elicited by a 100 ms depolarization step from Ϫ65 to ϩ5 mV (every 30 s) from the same experiment. E: summary data from 5 PVT neurons demonstrate the cumulative results from successive applications of HVA Ca 2ϩ channel antagonists, expressed as a percentage reduction of the control response. The sI AHP amplitude represents the mean of 3 responses after reaching a stable level after any given drug application. Note that because the doses for calcium channel blockers were less than saturating, the percentage values for N-, P/Q-, and L-type are likely underestimates and overestimate for R-type. *P Ͻ 0.05 signifies the lowest contribution of L-type (nifedipine application) vs. other types of HVA Ca 2ϩ channels.
n ϭ 3; P Ͻ 0.001; not shown). Collectively, these observations imply that activation of the cAMP cascade can suppress the sI AHP conductance in PVT neurons. In hippocampal pyramidal neurons, the conductances underlying the sAHP and sI AHP have also displayed modulation via activation of PKC signaling pathways (Agopyan and Agopyan 1991; Malenka et al. 1986; Pinda et al. 1995) . In PVT neurons, the sI AHP amplitude was reduced to 47 Ϯ 4% of control within 5 min of bath application of a PKC agonist, phorbol 12-myristate 13-acetate (PMA; 100 nM; Fig. 5 , B and C; n ϭ 6; P Ͻ 0.001). PKA inhibition with 0.5 mM Rp-cAMPS in the pipette solution had little effect on the PMA-induced suppression of sI AHP (43 Ϯ 8% of control, P Ͻ 0.01) and was indistinguishable from the PMA-induced effect (P ϭ 0.59; Fig.  5C ). However, the PMA-induced sI AHP decrease was completely reversed in the presence of a potent PKC inhibitor, BIS (1 M; Fig. 5C ). These observations suggest that K Ca channels underlying the sI AHP in PVT may be modulated by neurotransmitters and molecules that stimulate either the cAMP or the PKC signaling cascades.
sAHP displays a Na
During current-clamp recordings in the presence of nominally Ca 2ϩ -free ACSF, we noted a residual Ca 2ϩ -independent component of the sAHP (Fig. 6A, left) the relative contribution of which was activity dependent, increasing in magnitude in proportion to the number of action potentials evoked by the depolarizing pulse and reaching 34 Ϯ 5% of the overall sAHP amplitude after 20 spikes at 13.3 Hz (Fig. 6A, right) . We also observed a comparable increase in the amplitude of the Ca 2ϩ -independent component of the sAHP by increasing the frequency of 20 evoked action potentials (1.0 Ϯ 0.4 mV at 4.4 Hz to 3.4 Ϯ 0.9 mV at 13.3 Hz; n ϭ 4). A similar feature was observed after blockade of Ca 2ϩ entry with 200 M Cd 2ϩ ; the amplitude of the Cd 2ϩ -resistant component represented 38 Ϯ 2% of the control sAHP ( Fig. 6B ; P ϭ 0.49 when compared with nominally Ca 2ϩ -free ACSF) and was similar in duration (control, 10.8 Ϯ 1.0 s vs. Cd 2ϩ , 10.5 Ϯ 0.9 s; n ϭ 32; P Ͼ 0.05). Furthermore, the Cd 2ϩ -resistant component was not changed when cells were dialyzed for 10 min with an internal solution containing 10 mM EGTA (Ϫ4.0 Ϯ 0.2 mV; n ϭ 2). Thus in addition to Ca 2ϩ influx, the data suggest that the majority (44/52; 85%) of tested neurons in PVT displays a Ca 2ϩ -independent, action potential-dependent contribution to the sAHP. The presence of this component, which ranged between 1.5 and 6 mV, appeared to be unrelated to the amplitude of the Ca 2ϩ -dependent sAHP component, the Concentration and length of application: UCL2077 10 M for 5-9 min; barium 2 mM for 6 -9 min; TEA 10 mM for 4 -7 min; apamin 1 M for 5 min; charybdotoxin (CHT) 200 nM for 5 min; and iberiotoxin (IBT) 100 nM for 5 min. Number of cells tested is indicated inside the bars. ***P Ͻ 0.001. latter measuring Ϫ9.1 Ϯ 0.6 mV in the 44 cells expressing a Ca 2ϩ -independent component versus Ϫ8.6 Ϯ 0.8 mV in the 8 cells without it (P ϭ 0.59). The Ca 2ϩ -independent sAHP component was significantly reduced in amplitude when [K ϩ ] o was raised to 10.1 mM, implying its mediation via K ϩ channels (Fig. 6C ). The fact that the sAHP was completely abolished in ACSF containing TTX ( Fig. 2A) , and therefore required Na ϩ entry through voltage-dependent channels, suggested that the Ca 2ϩ -independent component of the sAHP may involve K Na channels. To address this possibility, we substituted Na ϩ with Li ϩ , known to pass through Na ϩ channels and to support the generation of action potentials (Hille 1972) but unable to activate K Na channels (cf. Bischoff et al. 1998; Safronov and Vogel 1996) Fig. 6D ; n ϭ 5; P Ͻ 0.01). Studies on the molecular identity of Na ϩ -activated K ϩ channels have recently revealed that K Na channels are encoded by members of the Slo gene family, with two subtypes, Slick (Slo2.1) and Slack (Slo2.2) now cloned (Bhattacharjee et al. 2003; Joiner et al. 1998; Yuan et al. 2003) . In in vitro expression systems, these channels can be blocked by the cardiac antiarrythmic drug quinidine (Bhattacharjee et al. 2003) . When tested in our slice preparations, bath application of quinidine (300 M) also reduced the amplitude of the Cd 2ϩ -resistant sAHP from Ϫ3.1 Ϯ 0.4 to Ϫ0.6 Ϯ 0.3 mV ( Fig.   6E ; n ϭ 3; P Ͻ 0.01). Thus the data suggest that with increased levels of activity during burst firing, both K Ca and K Na channels may contribute to the magnitude of a sAHP in PVT neurons. The TEA-sensitive delayed rectifier contributes to repolarization of the action potential, and therefore might also have a role in the Cd 2ϩ -resistant component of the sAHP either directly as a part of the sAHP or indirectly through broadening of action potentials and concomitant increase in sodium entry. To assess these possibilities, we examined the effects of its blockade by a low concentration of TEA (200 M). Indeed, TEA caused a significant broadening of the action potential (151 Ϯ 23% of control, P Ͻ 0.05; Fig. 6F , inset) coupled with a significant increase in the amplitude of the Cd 2ϩ -resistant sAHP (n ϭ 8; Fig. 6F ). These data suggest that similar to K Na -sAHP reported in lamprey spinal neurons (Wallen et al. 2007 ), TEA-sensitive K ϩ channels do not contribute to the Cd 2ϩ -resistant component of the sAHP, further suggesting the involvement of K Na channels.
The two known K Na subtypes, Slick and Slack, are reported to be differently regulated by intracellular Cl Ϫ ions (Bhattacharjee et al. 2003; Yuan et al. 2003) . We noted no significant difference in the amplitude of the Cd 2ϩ -resistant sAHP when recorded with pipettes containing 140 mM KCl (Ϫ3.5 Ϯ 0.5 mV, n ϭ 7) versus KMeSO 4 . (Ϫ3.5 Ϯ 0.3 mV, n ϭ 32; P Ͼ 0.05; not shown).
To complement the data reported in the preceding text for modulators of the Ca 2ϩ -dependent sI AHP (Fig. 5) , we next examined signaling cascades that might modulate the Cd 2ϩ -resistant sAHP. By contrast with its prominent suppression of sI AHP , the adenyl-cyclase activator forskolin was without effect (Fig. 7, A and C) , whereas PMA, a PKC activator, significantly reduced the sAHP in the majority of tested neurons (Fig. 7 , B and C) with one cell showing a small increase from Ϫ2.7 to Ϫ3.5 mV.
sAHP contributes to spike frequency adaptation
We next tested the hypothesis that the sAHP was also responsible for spike frequency adaptation in PVT neurons, similar to observations in other neuronal types (Faber and Sah 2003) . Under our experimental conditions, PVT neurons exposed to a 2 s long depolarizing pulse displayed strong spike frequency adaptation with a progressive slowing in their spike discharges and eventual cessation of action potentials (Fig. 8) . Bath application of either forskolin (Fig. 8, A-C) or PMA (D-F) was followed by both a reduction in spike frequency adaptation (increased number of evoked action potentials) and a significant decrease in the normalized amplitude of the postburst sAHP.
Orexin receptor activation modulates the slow AHP
The recently discovered orexin (hypocretin) neuropeptides are synthesized solely by a subpopulation of lateral hypothalamic neurons and have a critical role in arousal and feeding behavior (de Lecea et al. 1998; Sakurai et al. 1998) . While the axons of these orexin neurons have a wide CNS distribution, they form a particularly dense terminal arborization in the PVT, a site that exhibits a correspondingly high level of orexin receptors (Marcus et al. 2001; Peyron et al. 1998) . Exogenous application of orexins potently depolarize PVT and other midline thalamic neurons (Bayer et al. 2002; Huang et al. 2006; Kolaj et al. 2007) in part through modulation of one or more K ϩ conductances (Doroshenko and Renaud 2009). Of note here is the observation that bath application of orexin A (200 nM for 2 min) potently and reversibly reduced both the Ca 2ϩ -dependent sI AHP (Fig. 9A ) and the Ca 2ϩ -independent Cd 2ϩ -resistant sI AHP (Fig. 9B) . The actions of orexins are mediated through activation of G protein coupled receptors (Sakurai et al. 1998 ) that may engage multiple kinases (cf. Selbach et al. 2010) . We therefore evaluated possible signal transduction pathways by testing the effects of PKA and PKC blockers. As illustrated in the voltage-clamp traces and histogram summaries in Fig. 9A , orexin-induced inhibition (red trace and bar) of the Ca 2ϩ -dependent sI AHP (in the presence of TTX to block K Na -sI AHP ) was significantly diminished in the presence of a potent PKC inhibitor, BIS (1 M; coarse pattern bar) and unchanged when tested during recordings with pipette solutions containing a Rp-cAMPS (0.5 mM; fine pattern bar). Next we evaluated if orexins were also capable of modifying K Na -sI AHP in the presence of Cd 2ϩ to block Ca 2ϩ -dependent sI AHP . The sI AHP evoked under these conditions (18.4 Ϯ 1.1 pA; n ϭ 9) was significantly reduced by orexin A (200 nM; . In A, superimposed traces illustrate little change in the sAHP (black trace) on addition of forskolin (10 M for 10 min; red trace). In B, traces from another PVT neuron illustrate reduction in the control sAHP (black trace) during bath application of PMA (100 nM for 10 min; red trace). C: the histogram reflects lack of response to forskolin but a significant reduction in sAHP amplitude after PMA. *P Ͻ 0.05. A, left: current-clamp traces display a current pulseinduced burst of action potentials that reveals a prominent post burst sAHP and marked frequency adaptation (control black trace) follow by loss of accommodation and sAHP amplitude (red trace) in the presence of forskolin. B: histograms reflect loss of accommodation expressed as the ratio between the last and 1st interspike intervals and the increase in number of action potentials (APs). C: bars reflect the decrease in sAHP amplitude normalized against number of APs. D-F: similar to effects with forskolin, stimulation of protein kinase C (PKC) with PMA (100 nM for 10 min; red trace) induces a decrease in frequency adaptation (D), adaptation ratio and an increase in number of APs (E) and decrease in the normalized sAHP amplitude (F). *P Ͻ 0.05; **P Ͻ 0.01. n ϭ 4; Fig. 9B , blue trace). Additionally orexin-induced inhibition was significantly decreased in the presence of BIS (1 M; coarse pattern bar) further confirming that K Na -sI AHP is sensitive to PKC (Fig. 7) . Orexin A also significantly diminished spike frequency adaptation (Fig. 9, C and D) and the normalized sAHP amplitude (E).
Possible function for the HVA sAHP: de-inactivation of T-type channels?
Similar to other thalamic neurons, PVT neurons display two distinct modes of action potential generation: tonic firing during membrane depolarization near RMPs and LTS-mediated burst firing patterns when depolarized from relatively hyperpolarized membrane potentials (Richter et al. 2005 (Richter et al. , 2006 . We hypothesized that the prominent postburst sAHP might be sufficient to deinactivate low-threshold T-type Ca 2ϩ channels and thereby allow for the generation of LTS-initiated burst firing patterns when cells are challenged with a sufficient depolarizing stimulus. To test this possibility, we generated a sAHP (with a train of 20 spikes at 13.3 Hz) and used a brief intracellular depolarizing pulse to simulate an excitatory event at various times during the sAHP. As demonstrated in Fig. 10A , the depolarizing pulses delivered during the initial sAHP induced a LTS crowned with one or more action potentials. By contrast, during the later part of the sAHP, the same pulses produced only a single action potential. Thus as illustrated in Fig. 10B , the amplitude of the sAHP and level of membrane potential can be a determining factor as to whether excitatory postsynaptic events in PVT neurons are capable of triggering a LTS. Of note, when we applied the same protocol to neurons recorded in the ventrobasal thalamus, all of three cells failed to evoke a sAHP with these properties (cf. Fig. 1B ) and the response to the depolarizing current pulses triggered only single action potentials (not shown). -dependent K ϩ currents that generate AHPs. In the present investigation, we focused on a prominent postburst sAHP observed in neurons in a midline thalamic nucleus, the PVT. Distinct from an apamin-sensitive short-duration postburst AHP that was observed in a sample of thalamic ventrobasal and reticular nuclei neurons, under the present recording conditions, bursts of action potentials evoked in PVT neurons were followed by a pronounced apamin-resistant slow AHP. This sAHP was completely blocked by exposure to TTX, suggesting that depolarization and simultaneous Ca 2ϩ influx through HVA Ca 2ϩ channels could trigger the underlying conductance. Analysis of the sI AHP confirmed a dependency on Ca 2ϩ influx and indicated contributions from each of the known HVA Ca 2ϩ channel subtypes. The sAHP was mediated by K ϩ channels, implying a major role for K Ca type channels. The sI AHP was significantly reduced in the presence of a novel selective sAHP blocker UCL-2077 (Shah et al. 2006 ) and the nonselective K ϩ channel blockers barium and TEA. In a previous study, we reported that UCL-2077 failed to modify the LTS-induced sAHP (Zhang et al. 2009 ), suggesting different coupling between HVA and LVA Ca 2ϩ channels versus UCL-2077-sensitive and -insensitive K ϩ channels. Activation of either the cAMP or the PKC signaling cascade significantly reduced sI AHP , suggesting that neurotransmitter or neuropeptide receptors that engage either signaling pathway in PVT neurons will attenuate neuronal excitability by reducing the sAHP. Indeed activation of 5HT 7 receptors and the cAMPdependent protein kinase pathway was reported to reduce the postburst sAHP in certain thalamic midline and intralaminar neurons (Goaillard and Vincent 2002). A novel characteristic of the sAHP in PVT neurons was a Ca 2ϩ -insensitive component that became apparent in sAHPs evoked with higher number of action potentials (see graph in Fig. 6A ). Using the protocols applied here, this component contributed up to ϳ35% to the overall sAHP. Suppressed by activation of the PKC, but not the cAMP signaling cascade, this Cd 2ϩ -resistant sAHP was influenced by [K ϩ ] o , was unaffected by changes in [Cl Ϫ ] I , and could be blocked by substitution of Na ϩ with Li ϩ or addition of quinidine. Collectively, these features are a hallmark of activated K Na channels (Bhattacharjee and Kaczmarek 2005) . Originally identified in cardiomyocytes, K Na channels are also present in neurons and have a role in regulating their electrical activity (Budelli et al. 2009; Dryer 1994) . Although K Ca channels are the major contributors to sAHPs in many neurons, there is increasing recognition that K Na currents contribute to AHPs in a variety of neurons (e.g., Franceschetti et al. 2003; Sanchez-Vives et al. 2000; Sandler et al. 1998; Schwindt et al. 1989; Wallen et al. 2007; Yang et al. 2007) . As for the thalamus, previous investigators have noted a contribution of K Na channels to the sAHP following spindle waves in perigeniculate neurons (Kim and McCormick 1998) and possibly to the slow oscillations observed in reticular nucleus neurons (Blethyn et al. 2006) . K Na is encoded by members of the Slo gene family, Slo2.1 (Slick), and Slo2.2 (Slack) and have a wide expression in brain, including PVT (Bhattacharjee et al. 2002 . Slick and Slack are ligand-gated K ϩ channels that when expressed in heterologous expression systems, display differential regulation by various agents (Bhattacharjee et al. 2003; Nuwer et al. 2009; Santi et al. 2006; Yuan et al. 2003) . The Ca 2ϩ -independent sAHP we report here lacks sensitivity to cAMP or to changes in intracellular Cl Ϫ , properties consistent with homomeric Slack-like channels (Bhattacharjee et al. 2003; Nuwer et al. 2009; Yuan et al. 2003) , whereas the reduction by activation of the PKC signaling pathway is a feature exhibited by homomeric Slick-like channels (Santi et al. 2006) . Several Slack channel isoforms are known to differentially modulate rhythmic activity patterns in neurons (Brown et al. 2008) and Slick and Slack subunits have been found to coassemble to form heteromeric channels that differ from homomers in their biophysical properties, subcellular localization and response to activation of PKC (Chen et al. 2009 ). Definitive evidence will require genetic manipulation to verify the expression of various homomeric and heteromeric configurations of Slick and Slack K Na channels as well as the functional significance of K Na channels in this region of thalamus. However, the involvement of Slick or Slack K Na channels in the sAHP remains a hypothesis to be tested at this point. We suggest that K Ca channels are principal contributors to the postburst sAHPs that occur at the lower end of the activity-dependence scale with K Na channels becoming progressively more engaged under conditions associated with more intense firing, as might occur during rhythmic bursting.
Long duration postburst sAHPs analogous to that reported here are seldom reported in the thalamus. In the lateral geniculate nucleus, thalamocortical neurons exhibit sAHPs after high-frequency trains of action potentials . In guinea pig midline thalamic parataenial nucleus, McCormick and Prince (1988) reported unusually large norepinephrine-sensitive sAHPs following trains of action potentials or after the generation of single or multiple low-threshold Ca 2ϩ spikes, reversing at or near the presumed E K . We recently reported that LVA Ca 2ϩ channels underlie a LTS-induced long duration sAHP observed in neurons in several midline thalamic nuclei, including PVT, but not detected in neurons sampled in ventrobasal or reticular nuclei (Zhang et al. 2009 ). The current observations together with reports of similar postburst sAHPs recorded in neurons in other midline and intralaminar nuclei (Goaillard and Vincent 2002) suggest that midline and intralaminar neurons possess unique types of K ϩ channels the activation of which can underlie sAHPs, whether LTS-induced or postburst-induced, and that these sAHPs are important participants in governing rhythmic activities within this region of thalamus.
Further characterization of the difference between the LTSinduced and postburst-induced sAHP will remain difficult without knowledge of the molecular identity of the underlying channels(s). The marked contrast between the ability to evoke a pronounced sAHP with a single LTS (Zhang et al. 2009 ) and the activity dependency required to evoke a postburst sAHP of similar magnitude raises the notion that the underlying K ϩ channels are differentially coupled to LVA and HVA Ca 2ϩ channels. Our recent analysis of the spatial distribution of LVA Ca 2ϩ channelevoked Ca 2ϩ transients in PVT neurons indicates that the magnitude of these transients is significantly greater in proximal den- Arrows below indicate the time of delivery of a single 5 ms depolarizing current pulse at successive 1,000 ms intervals beginning at the nadir of the sAHP. Note that each of the initial pulses can trigger a LTS with Ն1 APs on its peak (inset, red trace), whereas the pulses delivered during the waning phase of the sAHP trigger a single AP (inset, black trace). B: plot of data from 4 PVT neurons reflecting peak sAHP amplitudes sufficient to enable generation of the LTS response (red dots) vs. the single AP response to the depolarizing pulse delivered as the sAHP decays (same protocol as in A).
drites (Richter et al. 2006) . Furthermore, in PVT and other midline thalamic neurons, LVA Ca 2ϩ channels are coupled with long duration Ca 2ϩ signals that appear to be connected to Ca 2ϩ -induced Ca 2ϩ release (CICR) (Richter et al. 2005) . Whereas the activation of HVA Ca 2ϩ channels in lateral geniculate thalamocortical relay neurons is reported to couple to CICR (Budde et al. 2000) , a CICR connection for HVA Ca 2ϩ channels in midline thalamic neurons is currently unknown. In neocortical pyramidal neurons, the activation of an apamin-insensitive sAHP requires an elevation of Ca 2ϩ signaling in the cytoplasm rather than at the membrane (Abel et al. 2004 ), consistent with a role for some cytoplasmic intermediary between Ca 2ϩ and K ϩ channels. Recently a diffusible calcium sensor, hippocalcin, was reported to be a key intermediary between Ca 2ϩ and slow AHP channels in hippocampal pyramidal cells (Tzingounis et al. 2007 ). While there is little hippocalcin expressed in thalamus, NCS-1 and NVP-1 are calcium sensors that are highly expressed in this region (Paterlini et al. 2000) . In dendrites of thalamic reticular nucleus neurons, a connection between T-type Ca 2ϩ and SK channels can be modulated by activity of the sarco/endoplasmatic reticulum Ca 2ϩ pump (Cueni et al. 2008) . Further experiments are needed to clarify the different roles of HVA versus LVA Ca 2ϩ channels, CICR and a possible diffusible factor(s) in the activation of sAHPs in midline thalamic neurons.
The observations presented here suggest that modulation of the sI AHP and sAHP by activation of neurotransmitter and neuropeptide receptors is likely to be an important mechanism in regulating neuronal excitability in the midline and intralaminar thalamus. Here we chose to highlight orexin receptors because PVT is a main thalamic target for axons arising from the lateral hypothalamic orexin-synthesizing neurons (Peyron et al. 1998) . We have observed that PVT neurons respond to exogenously applied orexins with membrane depolarization that is capable of bringing silent neurons into states of burst and/or tonic firing, mediated in part by reduction in a background K ϩ conductance (Doroshenko and Renaud 2009; Kolaj et al. 2007) . We now report that another component of this enhanced excitability results from modulation of intrinsic K Ca and K Na channels mediating the sAHP. Given that PVT is a thalamic target for converging axons with multiple transmitter and peptidergic phenotypes (e.g. Hsu and Price 2009; Otake and Ruggiero 1995) , we predict that modulation of the sAHP will be a key mechanism involved in regulating neuronal excitability in the midline thalamus.
